The critical cooling rate for glass formation in undercooled Pd-Cu-Ni-P alloys with compositions around Pd 40 Cu 30 Ni 10 P 20 was found to have strong composition dependence. To clarify the compositional effect of thermal stability, phase equilibria of the Pd-Cu-Ni-P alloys were examined. The microstructural evolutions under various annealing conditions were evaluated using various microstructural characterization techniques including XRD, SEM, EDS and TEM. The major phases in the composition at a temperature of 770 K, which is slightly lower than the eutectic temperature consisting of Cu 3 Pd, Ni 2 Pd 2 P, Cu 5 Pd 3 P 2 , and Pd 29 Cu 19 Ni 28 P 24 . Coarse dendritic structures were also observed in the off-eutectic alloys. Based on the present results, the composition effect on the thermal ability of Pd-Cu-Ni-P alloys is discussed.
Introduction
Inoue et al. reported (1996) that a Pd 40 Cu 30 Ni 10 P 20 alloy has very high glass-forming ability (GFA) with a critical cooling rate (R c ) of about 0.1 K/s. 1) Recently, studies have been conducted on the relationship between composition and R c in Pd-Cu-Ni-P (PCNP) system.
2) Subsequently, the R c values of these glass-forming alloys were also evaluated as on the order of 0.1 K/s or less. The minimum R c value is 0.067 K/s at a composition of Pd 42. 5 Cu 30 Ni 7.5 P 20 , which is believed to be the lowest R c among all metallic glassy systems reported to date. Moreover, the Pd 42. 5 Cu 30 Ni 7.5 P 20 alloy exhibits a eutectic melting behavior. Alloys that slightly deviate from this composition exhibit off-eutectic melting behavior and relatively higher R c . These results clearly suggest that the nature of alloy composition related to the melting behavior plays an important role in the glass formation of the PCNP system. In addition, various microstructures and crystalline phases, such as Ni 3 P, Pd 15 P 2 , Pd 2 Ni 2 P, and Cu 3 Pd, were identified in the PCNP glasses by short-time annealing or isochronal treatment. [3] [4] [5] [6] To further understand the effect of composition on the GFA and the crystallization process in PCNP alloys, the knowledge of phase equilibria and stability in the PCNP system is necessary. Little is known about the knowledge at present. The aim of this work is to present phase equilibria and stability of the PCNP alloys near the composition of Pd 40 Cu 30 Ni 10 P 20 . Since the PCNP alloys can be easily solidified into a glassy phase by the conventional arc melting or casting processes, it is difficult to examine the equilibrium phase relationship directly by using the solidification path. In this study, therefore, the method of annealing cast glasses at selected temperatures for various time intervals was employed.
Experimental
Three Pd-Cu-Ni-P quaternary alloys, Pd 40 Cu 30 Ni 10 P 20 (PCNP-1), Pd 42.5 Cu 27.5 Ni 10 P 20 (PCNP-2), and Pd 42.5 Cu 30 -Ni 7.5 P 20 (PCNP-3), were examined in this study. At these * Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan.
compositions, PCNP-3 is eutectic, while PCNP-1 and -2 are off-eutectics that slightly deviate from PCNP-3. Alloy ingots were made by arc melting mixtures of pure Pd, Ni and Cu metals, and pre-alloyed Pd-P ingots in an argon atmosphere. From these master ingots, cylindrical samples of 3 mm in diameter were prepared by injection casting of the molten alloys into a copper mold with a cylindrical cavity. A detailed description of the preparation has been reported elsewhere. 1) Such processed cast alloys possessed a completely glassy phase. The identification was made by X-ray diffraction (XRD), transmission electron microscopy (TEM), optical microscopy (OM) and differential scanning calorimetry (DSC). For annealing treatment and microstructural analyses, the cylindrical cast alloys were sectioned into short chips. These short chips were encapsulated in quartz tubes under a vacuum atmosphere of approximately 2×10 −4 Pa, and subsequently annealed them at 770 K (just below the eutectic temperature, T e ) for different time intervals, and then quenched them in water. The microstructures of annealed samples were examined by XRD, scanning electron microscopy (SEM), and TEM. Phase compositions were determined by energy dispersive spectroscopy (EDS) equipped with an electron microprobe.
Results
The DSC curves of the PCNP-1, -2, and -3 alloys are shown in Fig. 1 . The features are consistent with the previous results.
2) It is clear from these DSC curves that the PCNP-1 and -2 alloys exhibit an off-eutectic melting behavior, whereas the PCNP-3 shows a eutectic melting behavior. The eutectic temperatures of the PCNP-1, -2, and -3 alloys were determined as 795 K, 804 K, and 802 K, respectively. In the present study, the annealing temperature (T a = 770 K) is slightly lower than their eutectic temperatures. Based on the Cu-Pd, Cu-P, Ni-P and Pd-P binary phase diagrams, 7) as well as Cu-Pd-P and Ni-Pd-P ternary phase diagrams, 8) binary phases including Cu 3 Pd, Pd 3 P, Ni 3 P, Pd 15 P 2 , and Pd 6 P, etc., and ternary phases including Ni 2 Pd 2 P, and Cu 5 Pd 3 P 2 , etc., are predicated to exist in this corresponding composition range.
We tried to identify the crystallized phases in all samples (Figs. 3(a) , (c) and (e)) were used to determine the phase equilibra of these alloys. These BEI graphs are basically composed of equaxied contrast areas. These different contrast areas, which are marked with A, B, C, and D for dark, gray, light gray, and dark gray, respectively, are observed as constituent phases. The D (dark gray) phase was observed only in the PCNP-1 alloy. Compositions of these phases were analyzed using EDS and summarized the results in Table 1 . As is evident from the table, the compositions of A (dark), B (gray), and C (light gray) phases in each alloy were similar, suggesting that the A phase in each alloy represents the same phase while the B and C are two other phases.
As can be seen in Figs. 3(a) , (c), and (e), the C phase (light gray areas) occupies the largest area fraction in the studied alloys. It is therefore reasonable to believe that the major diffraction peaks in the XRD patterns are taken from this phase. The composition analysis revealed the C phase as a copper-phosphide with a composition of approximately Pd 48 Cu 32 Ni 1 P 19 (see Table 1 ). Comparing the XRD patterns (shown in Fig. 2 ) with the peak positions of copper-palladium phosphide Cu 5 Pd 3 P 2 , which are calculated based on crystallographic data of this compound, the major peaks on the XRD patterns agree with the calculated peak positions except for a slight shift to lower angle side. TEM observation confirmed that the C phase possesses an ordered tetragonal structure with lattice parameters of a = 0.506 nm and c = 0.536 nm. The lattice parameters are slightly larger than those (a = 0.5002 nm, c = 0.5314 nm) of Cu 5 Pd 3 P 2 compound. 9) Since that the atomic diameter of Pd (0.137 nm) is larger than that of Cu atom (0.128 nm), the C phase contains a larger amount of Pd than in the stoichiometric composition of Cu 5 Pd 3 P 2 , leading to the slight increase in the lattice parameters. Thus, the C phase is reasonably identified as copper palladium phosphide Cu 5 Pd 3 P 2 .
The composition of A phase (dark) was analyzed as Pd 22 Cu 76 Ni 0 P 2 in the PCNP-1 alloy. The Pd and Cu concentrations are nearly equal to the stoichiometric compositions of Cu 3 Pd-type phase. The Cu 3 Pd phase has two crystal structures of Cu 3 Au and tetragonal-type.
7) The present TEM observation revealed the existence of an ordered Cu 3 Au-type phase with a lattice parameter of a = 0.365 nm. This suggests that the A phase is a Cu 3 Au-type Cu 3 Pd. It is noted that the Cu 3 Pd with a tetragonal structure exists in the PCNP alloys when the PCNP molten alloys are annealed in the supercooled liquid region.
10) The crystal structure of Cu 3 Pd phase is dependent on the compositions of Cu-Pd binary alloys. 7) However, the compositional dependence of Cu 3 Pd crystal structure in PCNP system remains unclear at present.
The average composition of B (gray) phase was determined as Pd 41 Cu 2 Ni 30 P 27 in the PCNP-1 alloy. This phase was found to be a primary phase and possessed a Ni 2 Pd 2 P structure.
11) The XRD analysis (Fig. 2 ) also indicates the existence of Ni 2 Pd 2 P phase. The D (dark gray) phase with an average composition of Pd 29 Cu 18 Ni 29 P 24 observed only in PCNP-1 alloy, appears to be a quaternary phosphide. However, the crystal structure of this phase is unclear at present and is under investigation.
Microstructures of the PCNP-1, -2, and -3 alloys annealed for 1 h are shown in Figs. 3(b) , (d) and (f). Since T a (770 K) is higher than the onset temperature of crystallization in isochronal DSC measurement (T x = 657 K for PCNP-1, 664.7 K for PCNP-2, and 658.4 K for PCNP-3), the microstructural features observed in the samples annealed for 1 h seem to reflect the early stage of crystallization events.
As shown in Figs. 3(b) and (d) for the off-eutectic alloys, the microstructures of the PCNP-1 and -2 alloys contain two typical regions of coarse-grown particle and fine eutectic structures. On the other hand, the PCNP-3 eutectic alloy annealed for 1 h consists of a fine eutectic structure (Fig. 3(f) ).
The coarse-grown particle structure in the PCNP-1 alloy Table 1 ). They are Cu 3 Pd (A), Ni 2 Pd 2 P (B), and Cu 5 Pd 3 P 2 (C), respectively. The coarse structural areas in the PCNP-2 alloy are complex. Some areas contain dark (A) and gray (B) particles, and other areas contain three phase particles of dark (A), gray (B) and bright (E) particles. The composition of each phase was determined by EDS and summarized in Table 1 . Based on their contrast features and compositions, the dark, gray and light gray particles are Cu 3 Pd, Ni 2 Pd 2 P, and Cu 5 Pd 3 P 2 respectively. The E phase constitutes a very small area fraction in the PCNP-2 alloy, and the composition is determined as Pd 70 Cu 5 Ni 3 P 22 , corresponding to a palladium phosphide (Pd-P).
The fine eutectic structures in the three alloys are similar. Many fine dark (A) and gray (B) particles are uniformly distributed in the light-gray Cu 5 Pd 3 P 2 (C) matrix. It is noted that the dark particles are always adjacent to the gray particles and that the phase boundaries are not clear. This suggests that the composition distribution in the two phases does not reach a stable state after annealing for 1 h. In spite of this, the contrast features and the average compositions of these particles (list in Table 1) indicated that the gray particles are Ni 2 Pd 2 P and the dark particles are Cu 3 Pd phase.
Although no quaternary phosphide (D) was found in the PCNP-1 annealed for 1 h, this phase was clearly detected after 10 h annealing. The amount of the Pd-P phase observed only in the PCNP-2 alloy decreases with increasing annealing time. After annealing for 50 h, the Pd-P phase is completely decomposed, indicating that the Pd-P phase is unstable at 770 K.
Discussion
The present results clearly indicate that Cu 3 Pd, Ni 2 Pd 2 P, Cu 5 Pd 3 P 2 , and unidentified quaternary phosphide are the major equilibrium phases at 770 K in the PCNP alloys around Pd 40 Cu 30 Ni 10 P 20 . These equilibrium phases are different from those identified at the early stage of crystallization. As shown in Fig. 3(d) , the Pd-P phosphide (E) observed in the PCNP-2 alloy annealed for 1 h and completely decomposed after 50 h annealing. In addition, crystallized phases in the early stage of crystallization at temperatures from 631 to 765 K have been extensively studied for the PCNP-1 alloy. 3, 4) In those cases, Ni 3 P, Pd 15 P 2 , Pd 2 Ni 2 P and Cu 3 Pd phases were identified. Recently, Pekarskaya et al. 6) also reported some metastable phases in Pd 43 Cu 27 Ni 10 P 20 glass annealed at 675 K and 720 K for short times. It is evident that most of the crystallized phases formed in an early stage of crystallization are a metastable phase that transforms to a stable phase after prolonged annealing. The detailed mechanism for the transition of the metastable phase to a stable phase in the PCNP system remains unclear, though this knowledge would be useful for further understanding the origin of the high GFA of this alloy.
It is also interesting to note the difference in the microstructural features between the off-eutectic (PCNP-1 and -2) and the eutectic (PCNP-3) alloys annealed for 1 h (see Figs. 3(b) , (d) and (f)). The fine eutectic structure in the eutectic alloy and the coarse-grown plus fine eutectic structures in the off-eutectic alloys indicate the difference in the crystallization different between the eutectic and off-eutectic alloys. The coarse-grown structures observed in the two off-eutectic PCNP-1 and -2 alloys (Figs. 3(b) and (d) ) are assumed to be formed by a fast growth of nuclei, leading to decreased in thermal stability of the supercooled liquid. It is not surprising that these two alloys exhibit larger R c than that of the eutectic alloy PCNP-3, in which no well coarsened structure was observed.
It has previously been pointed out 1) that addition of Cu to Pd-Ni-P ternary glassy alloys increases the number of the precipitates and the degree of complexity of their crystal structures. This makes it difficult for multicomponent compounds to precipitate, resulting in the improvement of the thermal stability of the quaternary PCNP alloys. 1, 4) The present results indicate the formation of at least four complex phosphates (ordered Cu 3 Pd, Ni 2 Pd 2 P, Cu 5 Pd 3 P 2 , and an Pd-P phosphide) in the PCNP alloys, which have exceptional high thermal stability and glass forming ability. The present results provide positive evidence to support this interpretation.
Conclusions
Phase equilibria and stability of PCNP alloys with compositions of Pd 40 The constituent phases of the PCNP-1 alloy are different from those of the PCNP-2 and -3 alloys. Coarse structures were observed in the PCNP-1 and -2 alloys. This difference reflects the lower thermal stability of the PCNP-1 and PCNP-2 alloys as compared to the eutectic PCNP-3 alloy.
